ABSTRACT. Previous studies have demonstrated that polymorphonuclear leukocytes (PMN) are not a homogeneous population of cells but differ significantly in their structure and function. P M N move a t varying rates, and a fraction estimated from 20 to 70% do not move a t all in response to chemotactic stimuli. To characterize this P M N subpopulation better, we studied P M N motility in neonates and adults using a polycarbonate micropore filter chemotactic assay and the 31D8 MAb. Most P M N strongly bind 31D8 MAb (31D8 "bright"), but a minority (31D8 "dull") weakly bind the antibody and in this respect are similar to immature P M N precursors. The 31D8 "dull" P M N have impaired function compared with 31D8 "bright" PMN. In the present study, a P M N subpopulation that failed to migrate using the micropore filter assay accounted for 58 f 7% of adult P M N and was similar to the migrating subpopulation in regard to viability and phagocytic function. The nonmotile subpopulation had a higher percentage of bands (5 f 3% versus I f 2%, p < 0.01) and decreased binding of 31D8 MAb compared with the motile subpopulation. Neonates had a larger nonmigrating P M N subpopulation and 31D8 "dull" P M N subpopulation than those of adults (76 + 3% versus 58 f 7%, p = 0.04 and 26 f 11% versus 8 5 2%, p < 0.01, respectively). These data indicate that although P M N appear morphologically a s a homogeneous population of cells, there exists a viable, nonmotile P M N subpopulation that may be less mature than the motile P M N subpopulation. They also indicate that impaired neonatal P M N motility may be attributable in part to an increased size of the nonmotile P M N subpopulation. of PMN structure and function have confirmed that PMN are a heterogeneous group of cells (3-10). It has previously been shown that PMN from adults differ in their ability to move and that a percentage d o not move at all in response to chemotactic stimuli (1, 3-6). Estimates of the size of the poorly motile PMN subpopulation have varied, and the characteristics of this PMN subpopulation have not been well described. T o further characterize PMN chemotactic subpopulations, we studied PMN motility in healthy adults and in newborn infants using a polycarbonatc filter chemotactic assay and two cell surface MAb (31D8 and Mo-I) binding assays. The 31D8 MAb binds PMN heterogeneously and is associated with PMN motility (9-10). Mo-l binds to a cell surface glycoprotein which helps mediate PMN adherence (I 1 -13). A poorly motile PMN subpopulation was identified in adults and neonates and was found to be larger in neonates. Poorly motile PMN were noted to be viable cells that have similar phagocytic function but decreased binding of 3 1 D8 and Mo-l MAb compared with motile PMN.
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MATERIALS A N D M E T H O D S
Study popllkulion. Blood was obtained from the fetal side of placentas (neonatal cord blood) within 5 min of birth. Placentas were obtained from healthy women who had delivered vaginally or by repeat cesarian section who had local anesthesia, no complications of pregnancy, labor, and delivery and whose newborns were in good health. Blood was also obtained from adult volunteers on no medication. All blood samples were immediately mixed with preservative-free sodium heparin (50 p/mL blood) and brought to the laboratory for analysis. Informed consent to sample blood was obtained from all parents or adult subjects in accordance with Hartford Hospital Institutional Review guidelines.
PMN locomotory assay. Whole blood was purified using 65% Hetastarch (McGaw Laboratories, Irvine, CA) that yielded a population of cells composed primarily of PMN and monocytes as previously described (14) . In some cases, a more purified PMN population was isolated using Hetastarch followed by FicollHypaque separation. PMN locomotory response was measured using a modified polycarbonate micropore filter assay (10) . In brief, 5 x 10' PMNl0.7 m L were placed in the upper compartment of a modified Boyden chamber (Ahlco Corporation, Southington, CT) over a 1 0 -~r n thick polycarbonate filter (Nucleopore, Pleasanton, CA) with a pore size of 5 Fm. Stabilized zymosanactivated normal serum (3%) was placed in the lower compartment. The PMN were allowed to penetrate the filter during a 15-min to 7-h incubation in a humid 5% C02 atmosphere at 37°C. PMN were then separately removed from the upper and lower compartments and counted. In some cases, further analysis of these cells was carried out. T o determine whether the PMN in the upper compartment were inhibited from entering the lower 520 KRAUSE ET AI,.
compartment because of plugging of the polycarbonate filter, the assay was repeated using "plugged" filters. "Plugged" micropore filters were prepared by allowing adult PMN to traverse polycarbonate filters for 120 min. The upper and lower compartments were then evacuated, and the micropore filter was gently transferred to a new chemotactic chamber. A second PMN aliquot of 500 000 PMN/mL was then placed in the top compartments over thcse "used" micropore filters. The same concentration of PMN was simultaneously placed in other chambers containing fresh micropore filters. The number of PMN in the upper and lower chambers was then assessed under both conditions after a 60-min incubation. T o further assess whether there was plugging of the micropore filter, adult and neonatal PMN were removed from the top compartment of chemotactic chambers and transferred into new chambers, and the assay was repeated. T o make certain there was no movement of PMN from the bottom into the top chamber, PMN were placed in the bottom compartment with or without chemoattractant, the upper chamber evacuated after 45 and 180 min, and a cell count performed.
Trypan bllre a.s.saj7. PMN were tested for viability using a standard trypan blue exclusion assay (15) . In brief, 10 p L of PMN and I0 p L of trypan blue solution (0.1 % trypan blue in 0.85% saline) were placed on a slide and a coverslip was added. The slide was placed in a humidified 37"C, 5% COz incubator for 10 min. The slide was then placed under a microscope (magnification, 400x), and 100 cells were counted for viability. PMN without a blue-staining nucleus were considered viable; PMN with blue-staining nuclei were counted as dead cells.
NBT us.say. PMN were incubated in a mixture of NBT and phorbol myristate acetate for 25 min at 37°C. Glass slides were spotted with 20 p1 of these mixtures in a 37°C incubator for 15 min. The slides were removed: a coverslip was placed on top; and 100 cells were counted for the percentage of PMN that reduced NBT (I 5).
Arlhermcc assa~.. PMN adherence was determined using a previously described glass coverslip assay (16) . In brief, 20 p1 of PMN (5 x 106/mL) were placed on a clean, 22-x 22-mm glass cover slip (Rochester Scientific Co., Inc., Rochester, NY) and incubated 45 rnin at 37°C in a humid chamber. After incubation, the coverslip was gently rinsed, leaving a thin layer of PMN adherent to the glass. The coverslip was stained with Wright's stain and mounted on a glass slide. PMN were counted in every I'reparation and MAh labeling of PMN. PMN obtained from the upper and lower compartments of the chemotactic chambers as well as control PMN (not placed in the chemotactic chambers) wcrc analyzed for 3 1 D8 or Mo-l MAb binding as previously described (lo. 13). The 3 I D8 MAb was a generous gift of Dr H. Malech, National Institutes of Health, Bethesda, M D (9). The Mo-l MAb was obtained commercially (Coulter Electronics Corp., Hialeah, FL). In brief, each leukocyte-rich fraction was placcd in PBS-BSA, counted, mixed with MAb. and allowed to incubate on ice for 45 min. The PMN were then washed three times in PBS-BSA and incubated for 30 rnin on ice with fluorescein-isothiocyanate-labeled goat-antimouse IgG. The labeled PMN were washed three more times in PBS-BSA and stored on ice, in the dark, and in the absence of Ca" or Mg2' until use. Separated and labeled cells remained alive as shown by trypan bluc exclusion.
Atiul~~sis b~~, f l o~~ c~?orne/r?;. Flow microfluorometry was performed using an EPICS C (Coulter Electronics, Inc., Hialeah, FL) with a n argon laser emitting 500 m W at 488 nm. Forward and 90" light scatter were used to identify the PMN population from lymphocytes and monocytes. The fluorescence intensity distribution of 10 000 PMN was determined. The data were presented as the number of cells on the vertical axis and log green fluorescence on the horizontal axis divided into a three log scale consisting of 255 channels.
Stati.stica1 analy.ris. Statistical significance of differences between groups was performed using the Student's two Tailed t test. A p value of <0.05 was considered significance in all cases.
RESULTS
PMN heterogeneity detected with the polycarbonate micropore Jlter chernotactic assay. Adult and neonatal PMN were placed in the upper compartments of chemotactic chambers and allowed to move through polycarbonate filters into the lower compartments during incubation times of 15 to 240 min. The results of these experiments are shown in Figure 1 . A PMN subpopulation that was recovered in the upper compartment and thus failed t o migrate into the lower compartment was noted both in adults and neonates. After 90 min of incubation, the percentage of PMN in adults and neonates that failed to migrate did not change significantly even when the incubation times were increased to 420 rnin (data not shown). The percentage of nonmigrating PMN was larger in neonates than in adults at the following incubation times: 45 min (90 + 3% verszrs 67 + 396, p < 0.01), 90 min (80 + 4% versti.~ 73 + 5% p = 0.14), 180 min (79 f 3% versus 60 + 6%, p < 0.02) and 240 min (76 + 3% versus 68 + 7%, p < 0.04).
T o examine alternative explanations for recovery of PMN in the upper compartment other than an intrinsic cellular defect, several further experiments were carried out (see "Materials and Methods"). We first determined whether plugging of the micro- NEUTROPHIL SUBPOPULATIONS 52 1 pore filter ("used" filter) might have prevented PMN movement into the lower compartment. There was no significant difference in the number of PMN recovered from the upper compartments of chemotactic chambers containing "used" and fresh micropore filters. Furthermore, less than 10% of PMN recovered from the upper compartment after 60-min incubations and placed in new chemotactic chambers were recovered from the lower compartment after 45-and 180-min incubations. These experiments indicated there had not been plugging of the polycarbonate micropore filter. No PMN were recovered from the upper compartment after placement in the lower compartment and incubating for 45 and 180 min with or without chemoattractant, indicating PMN did not move from the lower into the upper compartment. Finally, to determine whether motility was chemoattractant-dependent, the polycarbonate micropore chemotactic assay was repeated using 10'-M fMLP in addition to activated serum (C5a) in the lower compartment. The fMLP was added separately and together during a 180-min incubation in different experiments. There was a larger nonmigrating PMN subpopulation using fMLP (80 + 17%) than C5a (54 + 18%, p < 0.014). The percentage of nonmigrating PMN was least when C5a and fMLP were used together (48 k 21 %), although the difference compared with C5a alone was not significant ( p = 0.18).
Characterization of the migrating and nonmigrating PMN subpopt~lations. To characterize the migrating and nonmigrating PMN subpopulations, adult PMN were placed in the upper compartment of chemotactic chambers, allowed to traverse polycarbonate filters in response to activated normal serum over 45-to 180-min incubation periods, and harvested from the upper (nonmigrating PMN) and lower (migrating PMN) compartments. PMN placed in chemotactic chambers with chemoattractant but without micropore filters were used as controls. The cells obtained were examined for viability with the trypan blue assay, adherence with the glass coverslip adherence assay, phagocytosis with the NBT assay, cell age with the band count, and cell surface antigen with the 3 ID8 and Mo-1 assays.
The ability of PMN to exclude the dye trypan blue from their nuclei has been used to assess PMN viability. The mean percentage of PMN that excluded trypan blue after 45-min (n = 8) and 180-min (n = 8) incubations were as follows: nonmigrating PMN, 98 + 1% and 98 + 2%, respectively, and migrating PMN, 97 k 3% and 98 + 2%, respectively. Thus, both nonmigrating and migrating PMN were viable cells as assessed by trypan blue exclusion.
No significant difference was noted in PMN adherence after a 45-min incubation (n = 5) between the migrating PMN (20 + 8%) and nonmigrating PMN (32 + 8%), nor was there any difference in adherence between these PMN after 180 min of incubation (n = 5, 22 + 14% and 17 + 4%, respectively).
The NBT assay is a standard screening test for the capacity of PMN to undergo oxidative metabolism. There was no significant difference in NBT reduction between migrating and nonmigrating PMN after 45-and 180-min incubation periods. The mean percentage of PMN that reduced NBT at 45 min (n = 7) and 180 min (n = 7) were nonmigrating PMN 99 + 2% and 94 + 5%, respectively, and migrating PMN 100 + 1% and 99 k I%, respectively.
A larger percentage of bands was noted in the nonmigrating than in the migrating adult PMN subpopulation after 45 min of incubation (9 + 7% and 0.3 + 0.5%, respectively, p < 0.01, n = 13) and 180 min of incubation (5 + 3% and 1 + 2%, p < 0.01, respectively, n = 12). Similar data were obtained in neonatal PMN for 45-min (12 + 4% and 1 rfr. 3%, respectively, n = 13, p < 0.01) and 180-min incubations (10 k 3% and 1 + 2%, respectively, n = 3, p < 0.05).
Previous studies have shown that the 31D8 MAb binds to human PMN in a heterogeneous manner and the degree of PMN binding correlates with PMN function. The majority of PMN avidly bind (3 ID8 "bright"), depolarize and respond chemotactically to formyl peptide while a minority weakly bind (31D8 "dull") and fail to respond similarly. PMN from seven adults and seven neonates were tested for 3 1 D8 MAb binding. Neonates had a larger percentage of 3 ID8 "dull" cells (26 + 1 I %) than adults (8 + 2%, p < 0.01). Representative 31D8 MAb binding curves are shown in Figure 2 .
To characterize migrating and nonmigrating PMN further, cells from the upper (nonmigrating) and lower (migrating) chemotactic chambers were harvested and labeled with 3 1 D8 MAb after 45-, 60-, 180-, and 240-min incubations. The results are summarized in Figure 3 (representative 31D8 MAb binding curves) and in Table 1 , where data from 45-and 180-min incubation times are summarized. In both adults and neonates, there was significantly decreased 3 ID8 MAb binding as determined by mean fluorescence channel in nonmigrating PMN compared with migrating PMN. Control PMN were intermediate in regard to 3 1 D8 MAb binding between the other two groups. The differences in 3 1D8 MAb binding between nonmigrating and migrating PMN were also apparent when the percentage of 3 1 D8 "dull" cells were calculated. A larger percentage of 3 1 D8 "dull" PMN were noted in the nonmigrating PMN compared with the migrating PMN in both neonates and adults although only the difference in neonatal PMN was statistically significant ( Table 1) .
The Mo-1 antigen is one of a related group of cell surface glycoproteins that includes the iC3b receptor (CR3), LFA-1, and p150,95. Adherence of PMN to cell surfaces is mediated in part Figure 4 . In these experiments, evaluation of adult and neonatal PMN responses were carried DISCUSSION PMN have long been considered to be a homogeneous population of mature cells, but it is now recognized that PMN are heterogeneous in regard to motility, phagocytosis, oxidative metabolism, protein synthesis, cell density and membrane receptors for IgGFc, IgAFc and MAb (1-10). At present, no single model can explain the origin of PMN heterogeneity and the relationship between the various PMN subpopulations which have been described. In the present study, nonmotile and motile PMN were isolated in an attempt to clarify their relationship to other PMN subpopulations and investigate their origin.
Wide variations in PMN motility have been described as early as the 1920's (1-2). Although fewer than 5% of PMN were found to be nonmotile in these studies, visual assays were used, and only random PMN migration was assessed. More recently, Howard (3) used a visual assay to observe PMN in the presence and absence of the chemoattractant fMLP and noted that 17-2 1 % of the PMN had no chemokinetic response to fMLP. Harvath and Leonard (4) studied PMN heterogeneity using a polycarbonate micropore filter chemotactic assay. More than 95% of the PMN were found to be nonmotile when no chemoattractant was used, 60-80% were nonmotile in response to fMLP, and 50-70% were nonmotile with C5a. These results were in close agreement with those of Keller ( 5 ) , who used a nitrocellulose micropore filter assay. The results of the present study regarding the size of the adult nonmotile PMN subpopulation (approximately 60%) are similar to those of previous studies using the micropore filter chemotactic assay but are different than those using visual assays. These differences can be explained at least in part by differences in the methods used to assess PMN motility. Unlike the visual assays, not all PMN can be accounted for using the micropore filter chemotactic assays. We were unable to recover up to 30-40% of PMN in some of our experiments. Much of this loss was due to adherent PMN, and wash experiments indicated that there was similar recovery of adherent PMN from the upper and lower compartments of the Boyden chamber. The micropore filter chemotactic assay is preferred over the visual assay, however, for isolation and further characterization of the nonmotile and motile PMN subpopulations. In addition to the difference in the visual and micropore filter chemotactic assays, it is apparent that the type of chemoattractant used can influence the size of the nonmigrating subpopulation. A larger percentage of nonmotile PMN was found when we used fMLP compared with C5a. As previously noted, PMN that failed to migrate to C5a did not migrate when an additional chemoattractant (MLP) was added (4) .
Previous studies have demonstrated that PMN subpopulations exist, but little is known about their origin. Potential sources of PMN heterogeneity include I ) varying environmental conditions that PMN may encounter in the circulation, 2) the possibility that PMN subpopulations may be derived from different progenitor cells, and 3) possible maturational differences among PMN. Our data suggest that poorly motile PMN are less mature than motile PMN. The nonr~lotile cells had a significantly greater number of bands than the motile cells. This is not sufficient to explain the difference between the two cell groups as there were not enough bands (or less mature forms such as myelocytes or metamyelocytes) to account for the large percentage of poorly motile cells; however, it is possible that the increased bands in the nonmotile cell group may be a marker for a less mature subpopulation of PMN. The decreased expression of 3 1D8 MAb in the poorly motile PMN subpopulation suggests that the nonmotile PMN are less mature than the motile PMN subpopulation. The 3 1D8 MAb was first produced by immunizing BALB/ c mice with human PMN, fusing the spleen cells of these mice with a myeloma cell line and selecting for an anti-PMN antibody that bound PMN heterogeneously (9) . The original characterization of the 31D8 antigen indicated that there was increased expression of the antigen during myeloid maturation from the promyelocyte to the mature PMN. Recent preliminary studies in our laboratory have confirmed and extended these findings (17) . A study in patients suffering blunt trauma indicated that while PMN with decreased expression of 3 1D8 antigen (31D8 "dull") appear to be morphologically mature, they are, in fact, less mature than 3 ID8 "bright" PMN (1 8) . Previous studies of the expression of the Mo-1, LFA-1, p 150,95 glycoproteins during leukocyte differentiation in HL60 cells, U937 cells, and bone marrow suggest that, like 31D8 antigen, Mo-1 is increasingly expressed during myeloid development (1 9-20) . Thus, if there is continued maturation of 3 1D8 and Mo-1 antigen expression in PMN from the bone marrow and peripheral blood, the less mature PMN subpopulation would be expected to express less 3 1D8 and Mo-1 antigen than the more mature PMN subpopulation. Finally, although it is possible that motile and nonmotile PMN subpopulations are a result of varying environmental effects, their similarity in regard to NBT reaction and trypan blue exclusion indicate that environmental factors causing cell activation or death do not account for these subpopulations. Previous studies have shown that neither CSa, fMLP, phorbol myristate acetate, or opsonized zymosan cause changes in PMN 3 1 D8 antigen expression (9, 10, 17, 2 1). Thus, it is unlikely that different degrees of exposure to chemoattractant account for the differences noted between 3 1D8 antigen expression in the PMN from the top and bottom compartments of the Boyden chamber.
The results of this study suggest that the increased size of a poorly motile PMN subpopulation in neonates may help account for their decreased PMN motility and increased susceptibility to infection (22) (23) (24) (25) (26) . Other studies have indicated that the increased size of a poorly functioning PMN subpopulation may help explain decreased PMN function in the human fetus, neonate, and in individuals suffering blunt trauma and burns (10, 18, (27) (28) (29) (30) . The cause for the increased nonmotile PMN subpopulation in neonates is unclear but may be due to the altered location and kinetics of PMN formation in neonates (3 1, 32) . Further studies to clarify the origin of PMN subpopulations that may improve our understanding of defective PMN function in neonates and other compromised hosts are in progress.
